Over a 3-yr period 336 MT/ha of dried sewage sludge, from a municipal waste;treatment plant, was applied in liquid form to land subsequently used to grow corn. The sludge contained 115 mg Cd, 4,200 mg Zn and 538 mg Ni/kg dry matter and comprised the solids remaining after treatment of the waste waters of approximately 260 industries as well as domestic users. Corn grain harvested from the plot amended with sewage sludge (SA corn) or corn grown on a plot without sludge addition (control corn) was fed to a total of 56 pigs to determine the effect on growth performance and parameters indicative of toxicity. Each treatment consisted of seven pens of four pigs each with an average initial weight of 17.6 kg. The growth trial was terminated when pigs weighed approximately 90 kg. No differences were observed between treatment groups for average daily gain, feed: gain ratio or daily feed intake. Higher (P<.01) concentrations of Cd, Ni and Zn were found in SA corn compared with the control corn. This resulted in higher (P<.01)concentrations of Cd in kidney and liver and Ni in kidney of pigs fed SA corn as compared with pigs fed control corn. No significant differences were
Introduction
Several million dry metric tons of sewage sludge are generated annually in this country and its disposal is becoming increasingly burdensome. Heavy metals and a galaxy of synthetic organic compounds may be present in it because a single municipal sewage treatment plant may serve several hundred industrial, as well as numerous domestic users. Therefore, its proposed disposal as a fertilizer and soil conditioner in agriculture may present potential hazards.
Several investigators have studied the movement of toxic elements from plants grown on sludge-amended (SA) soils to the tissues of animals. Concentration of Cd, Ni and Zn have been reported for animals consuming sludgegrown crops (Heffron et al., 1980; Chancy et al., 1978a; Babish et al., 1979) . Much attention has been given to the fate of Cd because: (1) it is one of the most prevalent and toxic elements in sludge; (2) it is mobile and, therefore, is absorbed by plants rather than undergoing rapid soil fixation as with some other heavy metals (Pb, Cr); (3) Cd is efficiently deposited in foraging animal tissues and (4) the normal 613 intake of Cd from all sources presently is believed to be very close to the safe limit for humans (Fox, 1979) . Nickel and Zn are also mobile and while nickel is toxic, zinc is known to exert a protective effect against Cd toxicity in animals (Browning, 1969) . It is well known that corn grain absorbs much less Cd than the leaves and stalk when the plant is grown on SA soil. Thus, it has been suggested that perhaps corn grain grown on SA soil could be safely fed to swine. Little is known, however, of the nature and toxicologic properties of the numerous synthetic compounds that could conceivably be contained in such grain.
Because there are many potentially hazardous compounds in sludge, it is improbable that toxic effects could be identified and related to compounds responsible for the effects. The objective of this study was to conduct an investigation designed to determine the sum of such effects when corn grain grown on municipal SA soil was fed to swine. In addition to determining the concentration of Cd, Zn and Ni in tissues, the methods employed [measuring hepatic microsomal mixed-function oxidase (MFO) activity, testing for mutagens and examining tissues for lesions] allowed determination of the integrated toxic effects of possibly many compounds that may move from soil to plants and ultimately animals.
Experimental Procedure
Approximately 4,082 metric dry tons of an urban industrial sludge from the BinghamtonJohnson City, New York sewage treatment plant was spray irrigated onto 12.14 ha of agricultural land during a 3-yr period (1975 to 1978) . This plant is experimenting with disposal of its entire annual production of treated sewage on this dedicated land area on which field corn is being grown. The sludge was applied as a liquid with an average solids content of 4%. This would be equivalent to approximately 150 dry tons of sludge/acre (336 MT/ha). The sludge resulted from treatment of waste water from approximately 260 industries and was a mixture of primary and waste activated material that had been anaerobically digested. The industries represented manufacturers of chemicals, leather, plastics, glass, 7Funk Seed International, Bloomington, Illinois; G 5048 hybrid.
building materials, electrical and electronic devices, tools, paper, metals, photographic and electroplated products, foods and feeds. The sludge had a fertilizer equivalent of 1.4-2.1-.4 (N-P-K), pH 6 and contained 36% ash. No chemicals were added to the sludge during sewage treatment. Results of analysis of the sludge for several elements are listed in table 1.
The predominant soil types were Volusia and Mardin channery silt loams. In 1979, lime was applied and tilled into the soil raising its pH from 4.9 to 6.5 and field corn 7 (58,240 plants/ ha) was planted. Corn planted on soil having received no sludge amendment was used as the control. The plots did not receive additional fertilizer.
Fifty-six Yorkshire pigs, (average initial weight of 17.6 kg), were allotted at random to receive either of two diets. Each treatment consisted of seven pens of four pigs (sex balanced) each. Diets were formulated to contain control corn or corn grown on SA soil (SA corn) and were fortified with vitamins and minerals (table 2). The growth trial was terminated when the pen average for pigs was approximately 90 kg. Before termination, however, urine and fecal samples were obtained from 16 pigs for mutagenicity analysis. These same pigs (16) were sacrificed and tissue samples acquired for histopathologic examination, heavy metal analysis and determination of hepatic MFO activity.
Hepatic MFO activity was measured because this can be increased by various natural or synthetic organic compounds in the diet. The liver from each pig was perfused in situ with a cold .9% NaCI solution, weighed, sliced and homogenized in 4 volumes of ice-cold 1.15% KCI containing 20 mM Tris-HC1 buffer (pH 7.4) using a Potter-Elvehjem Teflon-glass homogenizer s . Enzyme activity was estimated by measuring product formation for two incubated substrates with the 12,000 x g supernatant liver fraction with an NADPH generating system (Conney, 1967 ) . Paranitroanisole O-demethylase activity was determined by measuring the p-nitrophenol produced (Kato and Gillette, 1965) and amino-pyrine-N demethylase activity was measured by determining the production of formaldehyde (Nash, 1953) .
The procedure for determining possible mutagenicity was used for corn samples in addition to urine and feces. Thirty grams of dry milled corn was Soxhlet extracted with 300 ml of anhydrous reagent grade methanol for 8 h. The methanol was evaporated using dry N2.
Urine concentrates containing the equivalent of 2 ml of urine/100/J1 dimethylsulfoxide (DMSO) were prepared using the procedure of Yamasaki and Ames (1977) . Thirty grams of lyophilized feces were Soxhlet extracted with 250 ml of a 79:21 (v/v) mixture of chloroform-acetone for s Fisher Scientific Co., New York, NY. 90xiod Ltd., Basingstoke, Hants., England. 8 h. The solvents were evaporated with dry N2.
The dry residues from the corn grain and feces samples were dissolved in DMSO to attain a final concentration of 500 mg dry weight of sample/100/A of DMSO.
Salmonella typhimurium TA 98 was used as obtained from Ames et al. (1975) . It was stored as a permanent culture at -80 C in nutrient broth with DMSO. A master plate made from the frozen permanent culture and stored at 4 C was used in the mutagenesis assays. The overnight cultures were grown in nutrient broth No. 29 at 37 C for 16 h with agitation using a water bath shaker. Cultures contained 1 to 2 x 109 viable cells/ml. For each assay, the culture was checked for crystal violet sensitivity and ampicillin resistance. In addition, the response to 7.,12-dimethylbenzanthracene and benzo(a) pyrene standards were monitored. Preparation of the S-9 liver fraction [the supernatant fraction from the 9,000 • g centrifugation of whole liver homogenate (25% w/v)] was performed by the procedure of Ames et al. (1975) . Each ml of S-9 mix contained 100/J1 of S-9 liver homogenate fraction plus the necessary cofactors as described by Ames et al. (1975) as required for MFO activity.
The mutagenesis standard plate incorporation assay as described by Ames et al. (1975) was performed with one modification. This modification consisted of adding the urine concentrate or fecal extract in .1 ml of DMSO to a sterile culture tube along with 130 units of Helix pomatia/3-glucuronidase in 10/al of sterile .2 M phosphate buffer (pH 7.4). These additions were followed by 2.0 ml of top agar, .1 ml of overnight nutrient broth culture of the bacterial tester strain and, when required, .5 ml of the S-9 mix. After agitation, the mixture was poured onto Vogel-Bonner minimal plates containing .5% glucose and 122 /ag biotin/ml. The/3-glucuronidase was added to fecal extracts to control for possible changes in intestinal microflora that would, in turn, alter intestinal/3-glucuronidase levels. Beta-glucuronidase cleared /3-glucuronide conjugates of metabolized mutagens enabling their activity to be manifested and measured; intact /3-glucuronide conjugates cannot be measured. Plates with urine concentrates were incubated for 48 h at 37 C; plates with corn or fecal extracts were incubated for 72 h. This additional time was necessary to overcome the toxicity these extracts exhibited (deSerres and Shelby. 1979). Colony counts were made using the NBS Biotran II Model C 111 automatic colony counter l~ Duplicate determinations with and without the S-9 liver fraction were made on each urine and fecal sample.
Electron microscopic examination of kidney, liver and diaphragm muscle was performed at the time of slaugher. A sample of each tissue ~~ Brunswick Scientific, Edison, NJ. H Ivan Sorvall Inc., Newtown, CT. mAssociated Electrical Industries Ltd., Harlow, Essex, England.
~3Princeton Applied Research, Princeton, NJ. 14Perkin-Elmer Corp., Norwalk, CT.
was fixed in 5% glutaraldehyde (50 mM sodium cacodylate, pH 7.5; 250 mM sucrose) followed by postfixation in 1% osmium tetroxide (same buffer). Tissues were washed several times in distilled water and then dehydrated through an ascending series of ethanol with two changes of propylene oxide and embedded in Epon-Araldite as described by Telford and Matsumura (1970) . Thin sections were cut using a diamond knife mounted on a Sorvall "Porter-Blum" MT-2 ultramicrotome 11. Sections were picked up on copper Athene type grids and poststained with uranyl acetate and lead citrate (Reynolds, 1963) . All examinations of the tissue sections were done on an AEI EM6B electron microscope 12 operated at an accelerating voltage of 80 kV. Determination of Cd and Zn concentrations, in freeze-dried sludge and plant and animal tissues, was accomplished by wet ashing the samples and analyzing by use of conventional stripping voltammetry. A polarographic analyzer Model 17413 was used according to the procedure of Gajan and Larry (1972) . Nickel was determined in the ash solution by furnace atomic absorption using a Perkin-Elmer Model 303 spectrophotometer 14 equipped with an HGA-2000 furnace and deuterium background monitor. Corn samples were analyzed for the content of Kjeldahl N (N x 6.25), ash and fat using AOAC (1975) procedures. Gross energy was determined by bomb calorimetry.
An appropriate application of analysis of variance procedures was used for corn and animal data (Steel and Torrie, 1960) . Growth performance data were analyzed using pen as the experimental unit whereas each pig was considered a unit of observation for MFO, mutagenicity, Cd, Ni and Zn assays. In the mutagenicity assay, the presence of a treatment effect for the feces samples was determined using the Run test as described by Ostle (1972) .
Results and DiscuSsion
Data presented in table 3 summarizes the effects of corn source on feed intake, daily gain and efficiency of diet utilization during the growth trial. Pigs responded similarly, demonstrating that corn grain grown on SA soil exerted no adverse effect on growth for growingfinishing swine. The concentrations of Cd, Ni and Zn in the corn, diets and swine tissues are summarized in table 4. Higher concentrations of each element were found in the SA corn grain. These elements concentrate to a far greater extent in the stalk and leaves of corn, however, such that feeding of silage to ruminants results in a greater intake of the heavy metals (Heffron et al., 1980) . Higher (P<.01) concentrations of Cd were found in kidney and liver and Ni in kidney of the pigs fed the SA corn as compared with pigs fed control corn. Cadmium is known to concentrate in kidney and liver (Browning, 1969) . Hansen and Hinesly (1979) found appreciable increases in renal Cd concentration in swine fed sludge-fertilized corn grain for just 56 d. A higher, though not significantly different, concentration of Zn was observed in kidney, liver and muscle of pigs fed SA corn grain. Heavy metals such as Cd and Zn have been found largely bound to the low molecular weight, sulfur-containing protein, metallothionein (Shaikh and Smith, 1976) found in the kidney and liver of swine, cows and chickens (Verma et al., 1978) . Cadmium and Zn are potent inducers of this protein (Magos and Webb, 1978) and this induction may comprise a protective mechanism against such metals when ingested in excess.
Other investigators have studied the movement of toxic elements from plants grown on sludge-amended soils to the tissues of foraging animals. Concentration of Cd in guinea pigs (Furr et al., 1976; Chaney et al., 1978b; Babish et al., 1979) , rats (Miller and Boswell, 1979) , mice (Chaney et al., 1978a) , voles (Williams et al., 1978) , pheasants , swine (Hansen et al., 1976; Hansen and Hinesly, 1979) and sheep (Haschek et al., 1979; Heffron et al., 1980) fed crops grown on SA soils have been reported, but few have employed an approach to evaluate the integrated effects of the many potential toxicants in sludge.
No significant differences between treatment groups were observed for hepatic MFO activity and liver:body weight ratio (table 5) . Enhanced hepatic MFO activity (Hansen and Hinesly, 1979) and intestinal aryl hydrocarbon hydroxylase activity (Babish et al., 1979) , indicative of ingestion of foreign organic compounds such as polychlorinated biphenyls have been observed in animals fed crops grown on SA soil. Polychlorinated biphenyls have also been found in the livers of guinea pigs (Babish et al., 1979) and in livers of sheep (Haschek et al., 1979) fed cabbage grown on municipal sludge. No significant treatment effects were observed in the number of revertants per plate with or without activation when corn, feed, feces or urine were tested for the presence of mutagens. No animal tissue lesions associated with the treatments were observed by electron microscopy. Microscopic lesions (swollen mitochondria) in the liver and thyroid of sheep fed sludge-grown cabbage and in the livers of sheep fed sludge-grown corn silage have been observed by others (Haschek et al., 1979; Heffron et al., 1980) . This lesion can be caused by Cd (Faeder et al., 1977) . As pointed out earlier, Cd in corn silage would be much higher in concentration than in the corresponding grain. Because the Cd concentrations in the cabbage and corn silage in the latter studies were much higher than in the corn grain in this study, the absence of lesions may be explainable.
Aside from elevated tissue levels of Cd and Ni, no other adverse effects were observed in this study. However, because the composition of sludges may vary considerably depending on the spectrum of industries served, changing rates of their production and periodic relocation, further studies with a variety of municipal sludges, soil types and application rates and other toxicologic tests would be required before genera] recommendations could be proposed for feeding SA corn to swine. Furthermore, the potential for groundwater pollution by synthetic organics (Tomson et al., 1981) or pathogens (Moore et al., 1981) in sludge, direct hand-to-mouth contamination by children frequenting such sludge-treated areas (De Crosta, 1981) , or possible later contamination of subsequendy grown crops such as leafy vegetables as land uses change with time are serious limitations to the use of sludge on land. Finally, it has recently been shown that earthworms in municipal sludge-amended soil can absorb very high concentrations of Cd (Wade et al., 1982) that could be toxic to birds.
